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ABSTRACT 

Replication-competent, attenuated herpes simplex virus (HSV) vectors have been developed for viral oncolytic 
therapy of primary and metastatic malignant brain tumors. However, the role of the host immune responses 
in the brain has not been elucidated. N18 neuroblastoma cells were used as a tumor model in syngeneic A/J 
mice to test the therapeutic efficacy of G207, a conditionally replicating HSV vector, in an immunocompetent 
condition. G207 inoculated intraneoplastically exhibited a prominent oncolytic antitumor effect in mice har- 
boring N18 tumors in the brain or subcutaneously, and, in addition, elicited a systemic antitumor immune re- 
sponse. Subcutaneous tumor therapy with G207 caused regression of a remote, established tumor in the brain 
or in the periphery, which was potentially mediated by the systemic antitumor immune response, and pro- 
vided persistent tumor-specific protection against N18 tumor rechallenge in the brain as well as in the pe- 
riphery. Antitumor immunity was associated with an elevation of specific CTL activity against N18 tumor 
cells that persisted for at least 13 months. The results suggest that the oncolytic antitumor action of replica- 
tion-competent HSV may be augmented by induction of specific and systemic antitumor immunity effective 
both in the periphery and in the brain. 



OVERVIEW SUMMARY 

G207 is a multimutated, conditionally replicating herpes 
simplex virus (HSV) vector developed for viral oncolytic 
therapy of malignant brain tumors. A/J mice harboring tu- 
mors of syngeneic N18 neuroblastoma were used to eluci- 
date the role of the host immune responses in G207 tumor 
therapy. G207 inoculated intraneoplastically exhibited a 
prominent oncolytic antitumor effect against N18 tumors in 
the brain or skin. Subcutaneous tumor therapy with G207 
elicited a systemic antitumor immune response that led to 
regression of a remote, established tumor in the brain or 
skin, and provided persistent tumor-specific protection 
against N18 tumor rechallenge in the brain and in the pe- 
riphery. Antitumor immunity was associated with the ele- 
vation of specific and persistent CTL activity against N18 
tumor cells. The oncolytic antitumor action of replication- 
competent HSV may be augmented by induction of specific 
and systemic antitumor immunity effective both in the pe- 
riphery and in the brain. 



INTRODUCTION 

Brain tumors are the second leading cause of death from 
neurological disease, and the annual age-adjusted incidence 
of primary brain tumors in the United States has been reported 
to be 5.0 to 14.1 per 100,000 population (Radhakrishnan et al., 
1994). Gliomas account for 40-67% of the primary tumors, and 
about three-fourths of gliomas are considered malignant. De- 
spite advances in microsurgical techniques and adjuvant ther- 
apy such as chemotherapy or radiotherapy, these modalities 
have caused little improvement in the survival rate of patients 
with malignant brain tumors. In addition, treatment of systemic 
tumors often fails owing to central nervous system (CNS) 
metastases. Genetically engineered, conditionally replicating 
viruses have been used to kill tumor cells by direct oncolysis 
(Martuza et al., 1991; Markert et al., 1993; Jia et al., 1994; 
Kaplitt et al., 1994; Mineta et al., 1994, 1995; Chambers et al., 
1995; Kesari et al., 1995; Bischoff et al., 1996; Kramm et al., 
1997; Miyatake et al., 1997; Pyles et al., 1997; Rodriguez et 
al., 1997). In this regard, herpes simplex virus (HSV) has ad- 



1 Molecular Neurosurgery Laboratory, Department of Neurosurgery, department of Microbiology and Immunology, and 3 Bone Marrow Trans- 
plant Program, Georgetown University Medical Center, Washington, D.C. 20007. 



2741 



2742 



TODO ET AL. 



vantages for tumor therapy, including the ability to infect a va- 
riety of cell types, the availability of antiherpetic drugs to erad- 
icate the virus, the identification of genes necessary for neu- 
ropathogenicity that can be mutated or deleted, and the large 
size of the HSV genomic DNA (150 kb) that allows for inser- 
tion of large or multiple genes. The first-generation attenuated 
HSVs had a mutation or a deletion in one gene. While these 
viruses proved to be efficient in killing tumor cells, neuropatho- 
genicity was insufficiently attenuated, thereby raising concern 
about its use in humans (Markert et al, 1993; Kesari et al, 
1995, 1998; Kramm et al, 1996; Lasner et al, 1996, 1998; Mc- 
Menamin et al, 1998). 

G207, a second-generation, conditionally replicating HSV, has 
deletions in both copies of the y34.5 locus, a gene associated 
with neurovirulence (Chou et al, 1990). G207 also has an in- 
sertion of the Escherichia coli lacZ gene in the ICP6 gene 
(UL39), inactivating ribonucleotide reductase, an enzyme re- 
quired for efficient viral DNA replication in nondividing cells 
but not in dividing cells (Goldstein and Weller, 1998). This dou- 
ble mutation confers favorable properties on G207 for treating 
human brain tumors: replication competence in tumor cells, 
markedly attenuated neurovirulence, ganciclovir/acyclovir hy- 
persensitivity, and the presence of an easily detectable histo- 
chemical marker (/?-galactosidase) (Mineta et al., 1995). It has 
been shown that G207 kills various human tumor cells (glioma, 
malignant meningioma, breast cancer) in culture as well as in 
nude mice (Mineta et al, 1995; Yazaki et al., 1995; Toda et al., 
1998b). Yet, the effect of the immune system on the intracere- 
bral antitumor action of G207, or any other genetically engineered 
HSV, has not been fully investigated. Only recently has the im- 
portance of the host immune response been recognized in viral 
oncolytic therapy for tumors outside the CNS (Toda et al, 1998a, 
1999). 

Since the immune responses in the brain may differ from 
systemic responses, it is important to study the immune effects 
of HSV-induced tumor oncolysis in the brain. Therefore, we 
established an immunocompetent mouse brain tumor model 
with N18 murine neuroblastoma cells, which are moderately 
susceptible to G207 in vitro and are capable of forming both 
intracerebral and subcutaneous tumors in syngeneic A/J mice. 
G207 exhibits significant antitumor activity, potentially via in- 
duction of systemic antitumor immunity, in addition to the di- 
rect oncolytic activity by viral replication. Further, the specific 
antitumor immunity elicited by G207 treatment of a subcuta- 
neous tumor not only provides protection against tumor rechal- 
lenge in the brain, but may also act to inhibit the growth or re- 
duce the size of an established brain tumor. 



MATERIALS AND METHODS 

Viruses and cells 

G207 was constructed as described (Mineta et al, 1995) and 
contains deletions of both copies of the y34.5 gene as well as 
a lacZ insertion inactivating the ICP6 gene. Stocks of G207 
were grown in Vero (African green monkey kidney) cell cul- 
tures or provided by NeuroVir (Vancouver, Canada), and virus 
titers were determined as described previously (Miyatake et al, 
1997). The N18 cell line is a subclone of C1300 murine neu- 



roblastoma cells derived from an A/J mouse (H-2 a ) (Amano et 
al, 1972), and was kindly provided by K. Dceda (Tokyo Insti- 
tute of Psychiatry, Tokyo, Japan). SR-B 10.A and 203GL murine 
glioma cell lines were obtained from the Department of Neu- 
rosurgery, University of Tokyo (Tokyo, Japan). SCK mammary 
carcinom a cells, derived from a tumor that spontaneously arose 
in an A/J mouse (Song et al, 1980), were kindly provided by 
W.M.F. Lee (University of Pennsylvania, Philadelphia, PA). 
These cell lines were maintained in Dulbecco's modified Ea- 
gle's medium supplemented with 10% fetal calf serum (FCS), 
2 mM glutamine, penicillin (100 U/ml), streptomycin (100 
jUg/ml), and amphotericin B (Fungizone, 2.5 /ig/ml). Sal/N, a 
chemically induced sarcoma cell line from an A/J mouse (Ju- 
tila etal, 1962), was kindly provided by S. Ostrand-Rosenberg 
(University of Maryland Baltimore County, Baltimore, MD), 
and maintained in minimum essential medium supplemented as 
described above. 

In vitro cytotoxicity studies 

Cells were plated in six-well plates at 2 X 10 5 cells/well. After 
a 24-hr incubation at 37°C, cells were infected with G207 at var- 
ious multiplicities of infection (MOIs of 0.01 to 1) or virus buffer 
(150 mM NaCl, 20 mM Tris, pH 7.5), and further incubated at 
34.5°C. The number of surviving cells was counted daily with a 
Coulter counter (Beckman Coulter, Fullerton, CA). Before count- 
ing, cells were washed twice with 1 ml of phosphate-buffered 
saline (PBS) to eliminate floating cells, and then trypsinized. 

Animal studies 

Six-week-, 3-month-, or 10-month-old female A/J mice were 
purchased from the National Cancer Institute (Frederick, MD) 
and caged in groups of four or less. For injections and surgical 
procedures, each mouse was anesthetized with an intraperi- 
toneal injection of 0.20-0.25 ml of solution consisting of 86% 
saline, 9% sodium pentobarbital, and 5% ethyl alcohol. All an- 
imal procedures were approved by the Georgetown University 
Animal Care and Use Committee. 

Subcutaneous tumor therapy 

Subcutaneous tumors were generated by injecting 5 X 10 6 
N18 cells in 50 ^1 of serum-free medium subcutaneously into 
the left or bilateral flank(s) of 6-week-old female A/J mice. 
When subcutaneous tumors reached approximately 6 mm in di- 
ameter, 20 n\ of G207 at various concentrations or mock-in- 
fected extract was inoculated intraneoplastically into the left tu- 
mor. Mock-infected extract was prepared from virus 
buffer-infected cells, using the same procedures as those used 
for virus inoculum. In some experiments, the treatment was re- 
peated on day 3. Tumor growth was determined by measuring 
the tumor volume (length X width X height) twice a week. 

Intracerebral tumor therapy 

Intracerebral tumors were generated by injecting 5 X 10 5 
N18 cells in 5 p.\ of serum-free medium stereotactically into 
the right frontal lobe of A/J mice. After 7 days, 5 fil of G207 
(1.5 X 10 7 plaque-forming units [PFU]) or mock-infected ex- 
tract was inoculated stereotactically at the same coordinates, 
and survival was monitored. 
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Rechallenge studies 

Three groups of A/J mice were used for the studies: (1) the 
naive group; (2) the spontaneous rejection group, mice that were 
subcutaneously injected with N18 cells but did not develop a 
tumor or spontaneously rejected a tumor without any treatment; 
and (3) the G207-cured group, mice with established subcuta- 
neous N18 tumors that had been cured by intraneoplastic G207 
inoculation. 

For subcutaneous rechallenge studies, 5 X 10 6 N18 cells or 
5 X 10 5 Sal/N cells in 50 y.\ of serum-free medium were in- 
jected subcutaneously into the right flank region, and tumor 
growth was determined as described above. 

For intracerebral rechallenge studies, 5 X 10 5 N18 cells in 5 
pil of serum-free medium were stereotactically injected into the 
right frontal lobe, and survival was monitored. 

Subcutaneous tumor treatment in a simultaneous 
intracerebral and subcutaneous tumor model 

N18 cells (5 X 10 6 cells in 50 jil of serum-free medium) 
were injected subcutaneously into A/J mice in the left flank re- 
gion on day 0. On day 3, N18 cells (5 X 10 5 cells in 5 //l of 
serum -free medium) were injected stereotactically into the right 
frontal lobe. On day 10, subcutaneous tumors were treated with 
intraneoplastic inoculations of either G207 (1 X 10 7 PFU) or 
mock-infected extract (n = 1 1/group). The treatment was re- 
peated on day 13, and survival was monitored. Animals were 
sacrificed by intraperitoneal injections of sodium pentobarbital 
when moribund from the enlarged intracerebral tumor, when 
the size of the subcutaneous tumor exceeded 24 mm in maxi- 
mal diameter, or when the subcutaneous tumor developed ul- 



Detection of G207 by polymerase chain 
reaction analysis 

Of the mice in the simultaneous intracerebral/subcutaneous 
tumor model group, whose subcutaneous tumors were treated 
with G207, one that died of a brain tumor (mouse 1) and an- 
other that was sacrificed owing to a large subcutaneous tumor 
(mouse 2, brain tumor cured) were analyzed by polymerase 
chain reaction (PCR) for the presence of G207 DNA in the 
subcutaneou s tumor or the brain. DNA was extracted from the 
right frontal lobe of the brain (divided into two pieces) and 
from four specimens from the subcutaneous tumor, using a 
QIAamp tissue kit (Qiagen, Santa Clarita, CA) and following 
the manufacturer protocol. PCR was performed in 100-yul vol- 
umes (containing 10 n\ of extracted DNA sample, 2 mM 
MgCl 2 , a 200 fiM concentration of each deoxynucleo side 
triphosphate, PCR buffer II [Perkin-Elmer, Branchburg, NJ], 
a 1 \iM concentration of each primer, and 2.5 U of Taq poly- 
merase) for 35 cycles (denaturati on at 94°C for 90 sec, an- 
nealing at 55°C for 60 sec, and extension at 72°C for 120 sec), 
using aPTC-100 thermal controller (MJ Research, Watertown, 
MA). A primer pair sequence was selected to amplify the lacZ 
portion of the G207 DNA with an expected product size of 
300 base pairs (bp) (Ramakrishnan et al., 1994). A primer pair 
to amplify fatty acid-binding protein sequences with an ex- 
pected product size of 127 bp was also used as a control (Kurtz 
et al, 1994). 



Detection of G207 by X-Gal histochemistry 

Tumor-containing brain and subcutaneous tumor were har- 
vested from two mice of the control group and two mice of the 
G207-treated group in the simultaneous intracerebral/subc uta- 
neous tumor experiment 5 days after the first G207 inoculation 
into the subcutaneous tumor, and also from the same number 
of animals from each group 10 days postinoculation. The sam- 
ples were snap frozen in isopentane cooled with dry ice. Cryo- 
stat sections, 10 fim in thickness, were prepared from each sam- 
ple. Sections were fixed in 2% paraformaldehyde in PBS for 
10 min, washed three times in PBS, and incubated with PBS 
containing 2 mM magnesium chloride, 0.01% sodium deoxy- 
cholate, and 0.02% Nonidet P-40 (NP-40) at 4°C for 10 min. 
Sections were further incubated with substrate solution (PBS 
containing 5-bromo-4-chloro-3-indolyl-/?-D-galactopyranoside 
[X-Gal, 1 mg/ml], 5 mM potassium ferricyanide, 5 mM potas- 
sium ferrocyanide, 2 mM magnesium chloride, 0.01% sodium 
deoxycholate, and 0.02% NP-40) at 32°C for 3 hr, and then 
washed once with water and twice with PBS containing 2 mM 
EDTA. Sections were counterstained with hematoxylin and 
eosin before mounting. 

CTL assays 

A/J mice with established subcutaneous N18 tumors of ap- 
proximately 6 mm in diameter in the left flank region were 
treated with intraneoplastic inoculations of 20 /il of G207 (1 X 
10 7 PFU) or mock-infected extract, and the treatment was re- 
peated 3 days later. Fourteen days after the first treatment, three 
mice from each treatment group and from the "spontaneous re- 
jection group" were sacrificed and the spleens harvested. In one 
experiment, spleens from three mice 13 months after subcuta- 
neous tumor therapy (cured by G207 treatment) were also har- 
vested. 

In 24-well plates, red blood cell-depleted spleen cell sus- 
pensions (3 X 10 6 cells) were cocultured with 1 X 10 6 /-ir- 
radiated (50 Gy) N18 cells/well in 2 ml of complete medium 
(RPMI 1640 supplemented with 10% FCS, penicillin [100 
U/ml], streptomycin [100 ^g/ml], Fungizone [2.5 /ig/ml], 2 
mMglutamine, 1 mM sodium pyruvate, 0.1 mM nonessential 
amino acids, 50 \xM 2-mercaptoethanol) for 5 days at 37°C. 
After this incubation period, spleen cells were harvested, dead 
cells were removed by centrifugation over Fico/Lite-LM (At- 
lanta Biologicals, Norcross, GA), and viable cells were col- 
lected and washed three times with medium. Target cells (N18 
or SCK; 10 6 ) were labeled with 100 yuCi of Na 2 51 Cr0 4 (Amer- 
sham, Arlington Heights, IL) for 60 min and washed three 
times with medium. Effector spleen cells were added to wells 
of a 96-well U-bottomed microtiter plate containing 10 4 la- 
beled target cells in complete medium at the effector-to-tar- 
get ratios indicated. To determine spontaneous and total re- 
lease of radioactivity, the same number of target cells was 
incubated with culture medium alone or 0.1 M HC1. After a 
4-hr incubation at 37°C, the supernatant from each well was 
recovered with a Skatron (Lier, Norway) Titertek system and 
counted in a y counter for 51 Cr release. The percentage of 
specific lysis was calculated from triplicate samples as 
follows: percent specific lysis = [(experiment cpm - spon- 
taneous cpm)/(maximum releasable cpm - spontaneous 
cpm)] X 100. 
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Flow cytometric analysis 

Single-cell suspensions of splenocytes (1 X 10 6 cells) were 
washed once with 2 ml of PBS containing 2% FCS and 0.1% 
sodium azide, and incubated with 100 ,ul of fluorescein iso- 
thiocyanate (FITC)- or R-phycoerythrin (PE)-conjugated mon- 
oclonal antibody diluted in PBS at a saturating concentration 
for 30 min at 4°C. The monoclonal antibodies used were FITC- 
conjugated anti-mouse CD3 (clone 145-2C11), PE-conjugated 
anti-mouse CD4 (clone GK1.5), PE-conjugated anti-mouse 
CD8 (clone 53-6.7), PE-conjugated anti-mouse CD 19 (clone 
1D3), and PE-conjugated anti-mouse natural killer (NK) cells 
(clone DX5), all purchased from PharMingen (San Diego, 
CA). After two washes with PBS, cells were fixed in 1 ml of 
PBS containing 0.5% paraformaldehyde, and analyzed on a 
FACScan flow cytometer, using the lymphocyte gate (Becton 
Dickinson, Mountain View, CA). 



RESULTS 

Cytopathic effect of G207 on murine tumor 
cells in vitro 

Murine tumors do not support the replication of HSV vec- 
tors as well as human tumors (Lopez, 1975; Zawatzky et at., 
1981). Thus, most prior studies of HSV tumor therapy have 
been performed in human tumors in immunocompromised mice 
(Chambers et al., 1995; Kesari et al., 1995; Mineta et at., 1995; 
Yazaki et al, 1995; Lasner et al., 1996; Pyles et al., 1997; Toda 
et al, 1998b). Therefore, to establish a brain tumor model suit- 
able for evaluating the antitumor efficacy of G207 as well as 
other replication-competent HSV vectors in an immunocompe- 
tent syngeneic mouse, we investigated the susceptibility of var- 



ious nervous system-related murine tumor cell lines to G207. 
Among the cell lines studied, N18, a subclone of CI 300 murine 
neuroblastoma cells that arose spontaneously from an A/J 
mouse (Amano et al., 1972; Ziegler et al., 1997), proved to be 
the most susceptible to G207 replication and spread (Fig. 1). 
G207 killed more than 90% of the N 18 cells when infected at 
an M OI of 1 (3 days postinfection) and about 40% of the cells 
at an MOI of 0.1 (4 days postinfection) (Fig. 1, left). N18 cells 
are moderately susceptible to G207, although less sensitive than 
human cell lines reported previously (Mineta et al., 1995; 
Yazaki et al., 1995; Toda et al, 1998b). In comparison, SR- 
B10.A, a B10.A mouse-derived glioma cell line, was only 
mildly susceptible to G207, exhibiting 75 and 24% cell death 
at MOIs of 1 and 0.1, respectively, 3 days postinfection (Fig. 
1, middle), and 203GL glioma cells were only minimally sus- 
ceptible (Fig. 1, right). 

G207 treatment of subcutaneous N18 tumors 
in A/J mice 

Results from subcutaneous injections of various number of 
N18 cells (1 X 10 5 to 1 X 10 7 cells) into the flank region of 6- 
week-old female A/J mice indicated that reproducible subcuta- 
neous tumor formation is achieved with 5 X 10 6 cells, with a 
take rate of approximately 90% (data not shown). A growing 
tumor approximately 6 mm in diameter is evident within 7 to 
10 days of tumor cell implantation, and ulcer formation is rarely 
encountered during tumor growth. 

To test the antitumor efficiency of G207 in an immuno- 
competent host, 7-week-old A/J mice harboring established 
subcutaneous N18 tumors (approximately 6 mm in diameter) 
were treated with either G207 (1.5 X 10 7 pfu) or mock-infected 
extract (n - 6 per group). A single intraneoplastic inoculation 
of G207 efficiently inhibited tumor growth or reduced tumor 
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FIG. 1. Cytopathic effect of G207 on nervous system-related murine tumor cells in vitro. Cells (N18, SR-B10.A, and 203GL) 
were plated into six-well plates at 2 X 10 5 cells/well. After a 24 hr-incubation, cells were infected with G207 at various multi- 
plicities of infection (MOI, 0.01-1) or virus buffer (mock). The number of surviving cells was counted daily and expressed as a 
percentage of mock-infected controls. N18 cells showed a moderate susceptibility to G207, whereas the other two cell lines 
showed a mild to minimal susceptibility. The results represent the mean of triplicates ± SD. 
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size (Fig. 2). On day 18 posttreatment, when the experiment 
was terminated owing to tumor burden in control animals, the 
G207-treated mice had a significantly smaller mean tumor vol- 
ume compared with mock-treated mice (p < 0.05, unpaired t 
test). Three of six G207-treated mice were cured, whereas all 
six mock-treated mice showed continuous tumor growth. The 
cured mice remained tumor free for 9 months until the obser- 
vation was terminated. 

To investigate whether the effect is dose dependent, estab- 
lished subcutaneous N18 tumors were treated with intraneo- 
plastic inoculations of G207 on days 0 and 3 at doses ranging 
from 1 X 10 3 to 1 X 10 5 PFU or mock-infected extract (n = 7 
per group). Inoculations of G207 resulted in a dose-dependent 
inhibition of tumor growth in vivo (Fig. 2B). G207 at 1 X 10 3 
PFU did not cause a significant inhibition of tumor growth com- 
pared with mock-treated controls. G207 at 1 X 10 4 PFU re- 
sulted in a smaller mean tumor volume than in controls on day 
21, although the difference was not significant (p = 0.07, un- 
paired t test), and 1 X 10 5 PFU of G207 caused a significant 
decrease in tumor size compared with mock-treated controls 
(p < 0.05 on day 21, unpaired / test). 

G207 treatment of intracerebral N18 tumors 
in A/J mice 

To investigate the antitumor efficacy of G207 in the brain in 
an immunocompetent mouse model, 5 X 10 5 N18 cells were 
injected stereotactically into the right frontal lobe of 6-week- 
old A/J mice. These cells generate a reproducible brain tumor 
model in which an intraparenchym al tumor is formed that 



causes death in 2 to 3 weeks. Seven days after the tumor im- 
plantation, G207 (1.5 X 10 7 PFU) or mock-infected extract was 
inoculated intraneoplastically (n = 15 and 16, respectively), 
and survival was observed. A single inoculation of G207 caused 
a significant prolongation of survival compared with mock-in- 
oculated controls, with three long-term survivors or "cures" 
(p = 0.018, Wilcoxon test, Fig. 3). Necropsies showed that all 
animals that died within 60 days of tumor implantation had en- 
larged brain tumors. Histopathology of the brain at the time of 
death typically showed a large intraparenchym al tumor mass 
consisting of small, round, cytoplasm-scarce N18 neuroblas- 
toma cells occupying a large proportion of the right hemisphere 
with a severe midline shift to the left (example shown in Color 
Plate 1A). In contrast, histopathology of serial sections of the 
brain from a G207-treated, long-term survivor 18 months after 
treatment revealed gliosis and hyaline change, but no residual 
tumor cells, at the site of tumor cell implantation (Color Plate 
IB). 

Intraneoplastic inoculations of G207 elicit systemic 
antitumor immunity 

A/J mice harboring established bilateral subcutaneous N18 
tumors were used to determine the role of the immune response 
in the antitumor activity of G207. Six-week-old A/J mice were 
injected with 5 X 10 6 N18 cells subcutaneously into bilateral 
flanks. When both subcutaneous tumors reached approximately 
6 mm in diameter, the left tumor alone was treated with an in- 
traneoplastic inoculation of G207 (1 X 10 7 PFU) or mock-in- 
fected extract (n = 8 per group), followed by a second inocu- 
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FIG. 2. Intraneoplastic inoculation of G207 causes a reduction in tumor growth in A/J mice harboring subcutaneous N 18 tu- 
mors. Seven-week-old A/J mice harboring subcutaneous N18 tumors of approximately 6 mm in diameter were treated with ei- 
ther G207 or mock-infected extract. (A) A single intraneoplastic inoculation of G207 (1.5 X 10 7 PFU) significantly inhibited tu- 
mor growth compared with the mock-treated control (n = 6 per group, p < 0.05 on day 18, unpaired t test). (B) Subcutaneous 
tumors were inoculated with G207 at lower doses ranging from 1 X 10 3 to 1 X 10 5 PFU or with mock-infected extract, which 
was repeated on day 3 (n = 7 per group). Inoculations of G207 resulted in a dose-dependent inhibition of the tumor growth. The 
results represent the mean ± SEM. Tumor volume = length X width X height. 
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FIG. 3. Intraneoplastic inoculation of G207 prolongs the sur- 
vival of A/J mice bearing intracerebral N18 tumors. N18 cells 
(5 X 10 5 ) were injected stereotactically into the right frontal 
lobe of 6-week-old A/J mice. Seven days after tumor implan- 
tation, G207 (1.5 X 10 7 PFU) or mock-infected extract was in- 
oculated stereotactically at the same coordinates (n = 15 and 
16, respectively). A single inoculation of G207 caused a sig- 
nificant prolongation of survival compared with mock-inocu- 
lated controls (p = 0.018 by Wilcoxon text). 



lation 3 days later. G207 inoculations caused a significant re- 
duction in tumor growth, not only of the inoculated tumors, but 
also of tumors on the contralateral, noninoculated side (p < 
0.05 on day 23 for both sides compared with mock, unpaired t 
test; Fig. 4). Both bilateral (inoculated and noninoculated) tu- 
mors in G207 -inoculated animals exhibited similar inhibition 
of tumor growth, and six of eight G207-treated mice showed 
disappearance of both tumors within 23 days and remained tu- 
mor free for 5 months until the observation was terminated. All 
eight mock-treated mice exhibited continuous growth of the bi- 
lateral tumors. As we have demonstrated in other models (Toda 
et al, 1999), this result suggests that an intraneoplastic inocu- 
lation of G207 into a subcutaneous tumor on one side caused 
a systemic antitumor immune response that resulted in a re- 
duction of the growth of a remote, noninoculated tumor on the 
contralateral side. 

To test whether an intraneoplastic inoculation of G207 con- 
fers protective antitumor immunity with memory, 12 A/J mice 
(ages 4 to 9 months) that once bore subcutaneous N18 tumors 
that were cured by intraneoplastic G207 inoculations were 
rechallenged with a subcutaneous injection of 5 X 10 6 N18 cells 
(G207 -cured group). For comparison, 30 A/J mice of the same 
age range that had spontaneously rejected their tumors without 
treatment were also rechallenged with N18 cells (spontaneous 
rejection group). Ten 3-month-old naive A/J mice were used as 
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FIG. 4. G207 inoculations cause regression of inoculated subcutaneous tumors as well as noninoculated contralateral tumors. 
N18 cells (5 X 10 6 ) were injected subcutaneously into bilateral flanks of 6-week-old A/J mice. When both subcutaneous tumors 
reached approximately 6 mm in diameter, the left tumor alone was treated with an intraneoplastic inoculation of G207 (1 X 10 7 
PFU) or mock-infected extract (n = 8 per group). The treatment was repeated on day 3. G207 inoculations caused a significant 
reduction in tumor growth of inoculated tumors (left) and also of noninoculated tumors on the contralateral side (right) compared 
with respective controls (p < 0.05 on day 23 for both sides, unpaired t test). The results represent the mean ± SEM. Tumor vol- 
ume = length X width X height. 
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COLOR PLATE 1. Histopathology of intracerebral N18 tumor. (A) Moribund A/J mouse sacrificed 16 days after a stereo- 
tactic injection with 5 X 10 5 N18 cells into the right frontal lobe. The brain was fixed in 10% formalin, embedded in paraffin, 
sectioned (5 /xm), and stained with hematoxylin and eosin. A large intraparenchymal tumor mass consisting of small, round, cy- 
toplasm-scarce N18 neuroblastoma cells occupying a large proportion of the right hemisphere with a severe midline shift to the 
left and a compression of ventricles is shown. (B) Serial sections of the brain from a G207-treated, long-term survivor 18 months 
after the treatment showed gliosis and hyaline change at the site of tumor cell injection. [H&E; original magnification: (A) X8; 
(B) X75.] 



controls (naive group). The tumor growth in individual animals 
after rechallenge with a subcutaneous injection of N18 cells is 
shown in Fig. 5. In the naive group, five mice showed contin- 
uous tumor growth and, in the other five, the tumors temporarily 
grew to a tumor size larger than 75 mm 3 and then regressed. In 
the spontaneous rejection group, 4 of 30 mice had continuous 
tumor growth, 14 had temporary growth (>75 mm 3 ), and 12 
had no tumor growth. In contrast, all 12 mice of the G207-cured 
group showed no sign of tumor growth throughout the obser- 
vation period of 6 months, indicating the presence of strong and 
persistent protective antitumor immunity. 

To prove that this systemic antitumor immunity elicited by 
G207 treatment was specific for N18 tumor cells, the survivors 



from the subcutaneous N 18 rechallenge studies described above 
were further challenged with a subcutaneous injection of 5 X 
10 s Sal/N, A/J-derived sarcoma cells. Fourteen 10-month-old 
naive A/J mice were used as controls. By 6 weeks after Sal/N 
cell implantation, subcutaneous tumor formation was observed 
in 7 of 14 mice in the 10-month-old naive group, 6 of 12 mice 
in the G207-cured group, and 10 of 21 mice in the spontaneous 
rejection group, showing no significant difference between the 
three groups (x 1 test). The fact that the antitumor immunity in- 
duced by G207 against N18 cells did not affect the growth of 
Sal/N cells indicates that the antitumor immune response was 
tumor specific. A decrease in take rate of Sal/N subcutaneous 
tumors in aged A/J mice that we observed in this and other stud- 




COLOR PLATE 2. X-Gal histochemistry of G207-inoculated subcutaneous N18 tumor and coexisting, noninoculated N18 
brain tumor. In mice bearing established subcutaneous and intracerebral N18 tumors simultaneously, the subcutaneous tumor only 
was treated with an intraneoplastic inoculation of G207 (1 X 10 7 PFU), and repeated 3 days later. Five and 10 days after the first 
inoculation, the subcutaneous tumor and the brain were harvested and stained with X-Gal to detect G207. (A) An abundant ex- 
pression of /?-galactosidase (lacZ) is observed in the G207-inoculated subcutaneous tumor harvested 5 days postinoculation. (B) 
No histochemical staining is detected in the remote, noninoculated brain tumor from the same animal. [Counterstained with H&E. 
Original magnification: (A and B) X30.] 
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FIG. 5. G207 treatment of subcutaneous tumors confers protection against subcutaneous tumor rechallenge. Naive A/J mice 
(naive group, n = 10), A/J mice that spontaneously rejected N18 tumor cell implants without treatment (spontaneous rejection 
group, n = 30), and A/J mice whose established subcutaneous N18 tumors had been cured by intraneoplastic G207 inoculations 
(G207-cured group, n = 12) were rechallenged with subcutaneous injections of 5 X 10 6 N18 cells into the right flank region. The 
tumor volume of each mouse is shown individually. None of the G207-cured group showed any sign of tumor growth, while five 
of the naive group and four of the spontaneous rejection group showed continuous tumor growth. Tumor volume = length X 
width X height. 
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FIG. 6. G207 treatment of subcutaneous tumors confers pro- 
tection against intracerebral tumor rechallenge. Naive A/J mice 
(naive group, n = 13; — ), A/J mice that spontaneously rejected 
N18 tumor cell implants without treatment (spontaneous rejec- 
tion group, n = 17; ), and A/J mice whose established sub- 
cutaneous N18 tumors had been cured by intraneoplastic G207 
inoculations (G207-cured group, n = 11; ) were rechal- 
lenged with intracerebral injections of 5 X 10 5 N18 cells into 
the right frontal lobe. All 13 mice of the naive group died within 
60 days and 3 of 17 mice of the spontaneous group died within 
80 days. In contrast, all of the G207-cured group survived for 
more than 12 months (p < 0.001 versus naive group and p = 
0.15 versus spontaneous rejection group, Wilcoxon test). 



ies (data not shown) is in keeping with descriptions by others 
that old animals are less susceptible than young animals as hosts 
for tumor xenografts (Fodstad, 1991). 

To test whether the systemic antitumor immunity elicited by 
intraneoplastic G207 inoculation into subcutaneous tumors also 
provided protective immunity to a tumor within the brain, an 
organ considered by some to have an immune-privileged envi- 
ronment, adult A/J mice (3-5 months old) with or without pre- 
vious G207 treatment were rechallenged with an intracerebral 
injection of 5 X 10 5 N18 cells. The previous subcutaneous tu- 
mor therapy was performed when animals were 6 weeks old. 
All 13 mice of the naive group died within 60 days and 3 of 
17 mice of the spontaneous rejection group died within 80 days 
of rechallenge (82% survival) (Fig. 6). Necropsies showed that 
all of these animals died from brain tumor development. In con- 
trast, none of 1 1 mice of the G207-cured group died from a de- 
veloping brain tumor and all survived for more than 12 months 
after rechallenge. The antitumor immunity elicited by intraneo- 
plastic G207 inoculation, therefore, was shown to provide ef- 
ficient and persistent protective antitumor immunity in the brain 
as well. 

Intraneoplastic inoculations of G207 induce specific 
and persistent antitumor CTL activity 



We next investigated whether the system 
munity elicited by an intraneoplastic inoculation of G207 is as- 
sociated with an induced CTL activity specific for N18 tumor 
cells. Seven-week-old A/J mice harboring subcutaneous N18 
tumors of approximately 6 mm in diameter were treated with 
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Before restimulation h After restimulation b 

Phenotype Mock treated G207 treated Spontaneous rejection Mock treated G207 treated Spontaneous rejection 



CD3+ cells 22.6 33.8 30.4 46.8 75.5 66.0 

CD4 + cells 12.7 18.7 15.5 38.7 54.0 41.5 

CD8 + cells 8.0 12.7 12.8 7.4 22.5 26.7 

CD 19+ cells 64.8 57.8 62.7 49.5 22.6 32.4 

NK cells 1.5 1.9 1.5 1.1 0.4 0.4 



a A/J mice with established subcutaneous N18 tumors of approximately 6 mm in diameter were treated with intraneoplastic 
inoculations of G207 (1 X 10 7 PFU) or mock-infected extract on days 0 and 3. Fourteen days after the first treatment, the spleens 
were harvested from three mice from each treatment group and from the spontaneous rejection group, defined as mice that were 
subcutaneously injected with N18 cells but did not develop a tumor. The splenocytes were cocultured with irradiated N18 cells 
for 5 days for restimulation. Splenocytes of the three mice from the same treatment group were pooled, and flow cytometric 
analyses performed before and after the restimulation. 

b Values listed represent the percentage of marker-positive cells. 



an intraneoplastic inoculation of either mock-infected extract 
or G207 (1 X 10 7 PFU). The treatment was repeated on day 3. 
Fourteen days after the first treatment, three mice from each 
group were sacrificed and spleens were harvested (mock-treated 
and G207-treated groups). For comparison, three mice that re- 
ceived a subcutaneous injection of N18 cells but did not de- 
velop an established tumor were also included in the studies 
(spontaneous rejection group). Splenocytes from individual an- 
imals were cocultured separately with irradiated (50 Gy) N18 
cells for 5 days for restimulation. 

Flow cytometric analyses were performed on splenocytes, 
pooled within the same group, before and after the coculture to 
verify the cell subset profile. A large increase in the proportion 
of CD3-positive T cells and a decrease in CD19-positive B cells 
were noted in the G207-treated group compared with the mock- 
treated group (Table 1). An increase in both CD4- and CD8- 
positive cells accounted for the increase in CD3-positive T cells. 
These differences were enhanced after the 5-day coculture with 
irradiated N18 cells. The splenocyte subset profile of the spon- 
taneous rejection group lay in between those of the mock- 
treated group and the G207-treated group. 

The effector cells generated after coculture were applied to 
labeled N18 target cells in a "Cr release assay. Effector cells 
harvested from individual animals were assayed separately (n = 
3 per group). The effector cells of the G207-treated group ex- 
hibited a significantly increased, dose-dependent CTL activity 
against the target N18 cells compared with those of the mock- 
treated or spontaneous rejection groups (p < 0.05 at an effec- 
tor-to-target [E/T] ratio of 100:1, unpaired t test; Fig. 7A). The 
spontaneous rejection group showed an intermediately elevated 
CTL activity against N18 cells, although not significant com- 
pared with the mock-treated group (p = 0.15 at an E/T ratio of 
100:1). Similar results were obtained from two other experi- 
ments (data not shown), confirming a prominent induction of 
N18-targeted CTL activity by intraneoplastic inoculations of 
G207. 

To demonstrate the specificity of the induced CTL activity, 
effector cells were applied to labeled SCK, A/J-derived mam- 
mary carcinoma target cells. The effector cells from all three 
groups showed a dose-dependent lysis of SCK target cells to 



some extent, but, unlike the results with N18 target cells, no 
difference in the level of lysis was observed between the three 
groups at any E/T ratio (Fig. 7B). Hence, the highly elevated 
CTL activity against N18 cells shown by the effector cells of 
the G207-treated group was specific for N18 tumor cells. 

To investigate further whether long-term memory exists for 
the N18 tumor-specific CTL activity, three 15-month-old mice 
whose established subcutaneous N18 rumors had been cured by 
intraneoplastic G207 inoculations 13 months earlier were ex- 
amined. A 51 Cr release assay revealed the presence of a sig- 
nificantly increased, dose-dependent CTL activity against N18 
target cells with these aged mice (Fig. 7A). Even 13 months af- 
ter subcutaneous tumor therapy with G207, the CTL activity 
level was identical to that of the 2-month-old mice 14 days af- 
ter G207 treatment. These results indicate that once specific an- 
titumor immunity is established by intraneoplastic G207 inoc- 
ulations, immunologic memory persists for a long time even in 
aged mice. 

Treatment of established N18 brain tumors via 
induction of specific antitumor immunity 

To investigate whether an established brain tumor can be 
treated via the systemic antitumor immunity induced by an in- 
traneoplastic inoculation of G207 into a remote subcutaneous 
tumor, mice bearing established subcutaneous and intracerebral 
tumors simultaneously were utilized. The model was generated 
by a subcutaneous injection of 5 X 10 6 N18 cells into 6-week- 
old A/J mice in the left flank region (day 0), followed by a 
stereotactic intracerebral injection of 5 X 10 5 N18 cells into the 
right frontal lobe on day 3. On day 10, subcutaneous tumors 
were treated with an intraneoplastic inoculation of either mock- 
infected extract or G207 (1 X 10 7 PFU) (n = 11 per each 
group), and repeated on day 13. Intraneoplastic inoculations of 
G207 into a subcutaneous tumor caused growth suppression of 
the inoculated subcutaneous tumor and also of the remote in- 
tracerebral tumor, leading to a significant prolongation of sur- 
vival compared with mock-inoculated control animals (p = 
0.032, Wilcoxon test; Fig. 8). All 1 1 mock-treated mice either 
died from or showed intracerebral tumor growth, whereas 4 of 
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FIG. 7. G207 treatment of subcutaneous tumors induces a turn or- specific and persistent CTL activity against N18 tumor cells. 
Seven-week-old A/J mice harboring subcutaneous N18 tumors of approximately 6 mm in diameter were treated with an intra- 
neoplastic inoculation of either mock-infected extract or G207 (1 X 10 7 PFU). The treatment was repeated on day 3. Fourteen 
days after the first treatment, three mice from each group (mock-treated and G207-treated groups) and three mice that received 
a subcutaneous injection of N18 cells but did not develop a tumor (spontaneous rejection group) were sacrificed and spleens were 
harvested. Splenocytes from individual animals were cocultured with irradiated N18 cells for 5 days. Effector cells of individual 
animals were assayed separately by a 51 Cr release assay, using as targets N18 cells (A) or SCK cells (B). The effector cells of 
the G207-treated group exhibited a significantly increased, dose-dependent CTL activity against the target N18 cells compared 
with those of mock-treated or spontaneous rejection groups (p < 0.05 at an E:T ratio of 100:1, unpaired t test). No difference in 
the level of lysis against the target SCK cells was observed between the three groups. Fifteen-month-old mice (n = 3) whose es- 
tablished subcutaneous N18 tumors had been cured by intraneoplastic G207 inoculations and had survived for 13 months after 
the subcutaneous tumor therapy showed increased CTL activity against the target N18 cells at a persisting level (A). The results 
represent the mean ± SD. 



1 1 G207 -treated mice did not develop any intracerebral tumor 
growth; 3 of these 11 mice were sacrificed owing to a large 
subcutaneous tumor burden. 

To demonstrate that this antitumor effect on a remote in- 
tracerebral tumor did not derive from direct G207 infection, that 
is, spread of G207 from the subcutaneous tumor, PCR analy- 
sis was performed on two mice of the G207-treated group at 
the time of death: one mouse that died 20 days posttreatment 
from a brain tumor (mouse 1) and a second mouse that was sac- 
rificed 29 days posttreatment owing to a large subcutaneous tu- 
mor with no brain tumor (mouse 2). For each mouse, the en- 
tire right frontal lobe of the brain containing the inoculation site 
and the entire brain tumor (mouse 1) was divided into two 
pieces, and DNA extracted. Because of the large size of the in- 
oculated subcutaneous tumors (1260 and 4390 mg, respec- 
tively), four pieces (approximately 100 mg each) were cut out 
from different portions of the tumor and DNA was extracted. 
The extracted DNA was amplified for the lacZ portion of the 
G207 DNA. As expected, G207 DNA was detected in the sub- 
cutaneous tumors of both animals, with two of four specimens 



showing a positive band at the expected size of 300 bp (Fig. 
9). In contrast, no G207 DNA was detected in the brain tissues 
of either mouse 1 or 2. By using mouse brain tissues spiked 
with various amounts of G207, the detection limit of this PCR 
analysis was shown to be 10 PFU (data not shown). When G207 
is inoculated into a subcutaneous tumor, the virus does not read- 
ily spread throughout the entire tumor, but rather localizes to 
the inoculation site and the surrounding region, as demonstrated 
by X-Gal histochemistry (Color Plate 2A) (Mineta et ah, 1995; 
Yazaki et al., 1995). Presumably, it is the noninfected tumor 
cells that keep proliferating and cause the continuous growth 
of a G207-treated tumor, which may account in part for the de- 
tection of G207 DNA in two of four specimens of each subcu- 
taneous tumor. 

In a separate experiment using the same experimental pro- 
tocol, two mice of the control group and two mice of the G207- 
treated group were sacrificed 5 days after the first G207 inoc- 
ulation into subcutaneous tumors, and the same number of 
animals from each group was also sacrificed 10 days postinoc- 
ulation. The brain and the subcutaneous tumor of each mouse 



ANTITUMOR IMMUNITY IN G207 VIRAL THERAPY 



2751 




0 20 40 60 80 

Days Post-lntracerebral Implantation 

FIG. 8. G207 inoculation into subcutaneous tumors prolongs 
the survival of A/3 mice bearing both subcutaneous and intra- 
cerebral tumors. Six- week-old A/J mice received a subcuta- 
neous injection of 5 X 10 6 N18 cells in the left flank region 
(day 0), followed by a stereotactic intracerebral injection of 5 X 
10 5 N18 cells into the right frontal lobe on day 3. On day 10, 
subcutaneous tumors were treated with an intraneoplastic in- 
oculation of either mock-infected extract or G207 (1 X 10 7 
PFU) (n = 11 per each group). The treatment was repeated on 
day 13. G207-treated animals showed a significant prolonga- 
tion of survival compared with mock-treated animals (p = 
0.032 by Wilcoxon test). All 11 mock-treated mice either died 
from or showed intracerebral tumor growth, whereas 4 of 11 
G207-treated mice, including 1 long-term survivor, did not 
show any intracerebral tumor growth. 'Sacrificed owing to a 
large subcutaneous tumor (a 24 mm in diameter). 



were harvested, snap frozen, sectioned, and stained by X-Gal 
histochemistry to detect G207. In all G207-treated animals, 
whether from 5 or 10 days posttreatment, an abundant expres- 
sion of /3-galactosidase (LacZ) was observed in the virus-inoc- 
ulated subcutaneous tumor, showing the presence of active 
G207, but, contrastingly, no histochemical staining was de- 
tected in the remote, noninoculated brain tumor (an example is 
shown in Color Plate 2). In all control animals, neither the sub- 
cutaneous tumor nor the brain tumor showed staining for /?- 
galactosidase. The PCR and the X-Gal histochemistry data both 
indicate that G207 inoculated into the subcutaneous tumors in- 
duced an efficient antitumor effect on the remote coexisting 
brain tumors not by circulating and infecting the brain tumor, 
but most likely via systemic antitumor immunity. 



DISCUSSION 

Replication-competent virus vectors have been increasingly 
explored as a modality of viral therapy or gene therapy of can- 
cers (Martuza et al, 1991; Markert etal, 1993; Jia et al, 1994; 
Kaplitt et al, 1994; Lee et al, 1994; Lorence et al, 1994; 
Mineta etal, 1994, 1995; Chambers etal, 1995; Kesari etal, 
1995; Bischoff et al, 1996; Miyatake et al, 1997; Pyles et al, 
1997; Rodriguez et al, 1997; Coffey et al, 1998). Although 
gene therapy is an attractive means of cancer treatment, none 
of the currently investigated nonviral or defective viral vectors 
has yet demonstrated 100% gene delivery in vivo. Hence, vec- 
tor amplification within a tumor, using a replication-competent 
virus, is a reasonable strategy to obtain a higher efficiency. 
Conditionally replicating, recombinant HSV vectors with one 
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FIG. 9. G207 is not detected in the brain after inoculation into subcutaneous tumors. PCR analysis was performed on two mice 
bearing subcutaneous and intracerebral tumors simultaneously that received a subcutaneous tumor inoculation of G207. One 
mouse that died from the brain tumor (mouse 1) and a second mouse that was sacrificed owing to a large subcutaneous tumor 
with no brain tumor (mouse 2) were analyzed. DNA was extracted from four specimens cut from the subcutaneous tumor (lanes 
1-4) and from the right frontal lobe of the brain (divided into two pieces; lanes 5 and 6). G207 DNA was used as a positive con- 
trol (lane 7). A pair of primers was selected to amplify the lacZ portion of the G207 DNA (top). G207 was detected in the sub- 
cutaneous tumors (mouse 1, lanes 3 and 4; mouse 2, lanes 2 and 3), but not in the brain. Primers for fatty acid-binding protein 
were used as a control (bottom). 
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or more mutations in their viral genomes have been extensively 
investigated for viral therapy of brain tumors, and have proved 
to be highly efficient in killing brain tumor cells and other non- 
nervous system tumor cells (Martuza et al, 1991; Mineta et al., 
1994, 1995; Chambers et al, 1995; Kesari et al, 1995; Yazaki 
et al, 1995; Kramm et al., 1997; Pyles et al., 1997). The in 
vivo antitumor effect of conditionally replicating HSV vectors, 
including G207, has mostly been examined in nude or SCID 
mice (Chambers et al, 1995; Kesari et al., 1995; Mineta et al., 
1995; Yazaki et al., 1995; Lasner et al, 1996; Pyles et al., 
1997), or rodent models that are relatively HSV resistant (Bovi- 
atsis et al., 1994; Randazzo et al, 1995; Kramm et al, 1996, 
1997; Andreansky et al, 1998). These studies have not ad- 
dressed an important question as to how the host immune re- 
sponse would affect the antitumor therapy of a brain tumor. In 
an immunocompetent condition, there are several issues to be 
considered: (1) replication of the virus within a tumor may be 
inhibited by an antiviral immune response, resulting in reduc- 
tion of the cytopathic effect. With adenovirus vectors, it has 
been shown that a strong immune response against the vector 
itself acts adversely to the therapeutic efficacy (Yang et al, 
1994, 1995); (2) on the other hand, an immune response may 
be associated with an antitumor immune response that provides 
an enhancement of the antitumor action, as observed in "sui- 
cide" gene therapy with HSV thymidine kinase gene transfer 
followed by ganciclovir administration (Barba et al, 1994) and 
as has been shown with HSV outside the brain (Toda et al, 
1999). However, for tumors within the brain, these issues are 
further complicated by the immunologically privileged envi- 
ronment of the brain. Solving this problem is important not only 
for the treatment of primary brain tumors but also for the treat- 
ment of metastases to the brain. 

The model we have used provides for the study of systemic 
and intracerebral tumors in a syngeneic host. A/3 mice are the 
most susceptible inbred mouse strain to HSV infection. They 
are sensitive to most HSV strains and are killed by a low dose 
of HSV after intraperitoneal injection (median lethal dose 
[LD 50 ] of 10-10 2 ) (Lopez, 1975; Zawatzky et al, 1981). In 
comparison, B ALB/c mice are susceptible to fewer HSV strains 
and require a 10-fold higher dose for lethality, and C57BL/6 
mice are resistant to all HSV stains at the highest doses tested. 
While G207 is one of the most attenuated HSV vectors designed 
for tumor therapy and most murine cell lines are resistant to 
this virus, N18 cells showed a moderate susceptibility to G207. 
N18 cells are capable of forming a bona fide intracerebral tu- 
mor that reproducibly causes death in 2-3 weeks, and also a 
subcutaneous tumor with rapid growth and rare ulceration. 
Other favorable features of this model include an availability 
of cell lines cloned from the same origin, CI 300, with differ- 
ent biological properties, e.g., Neuro2a (Amano et al, 1972). 

With this model, we demonstrated that G207 exhibits highly 
efficient antitumor action in an immunocompetent animal when 
inoculated intraneoplastically . One or two inoculations of G207 
into an established subcutaneous N18 tumor not only caused a 
reduction in tumor growth but also cures in 50 to 75% of ani- 
mals. The antitumor efficacy of G207 can be maximized to ob- 
tain a 100% cure rate in this tumor model by repeated intra- 
neoplastic inoculations (Chahlavi et al, 1999). We also 
demonstrated that this antitumor effect is accounted for, at least 
in part, by a systemic and specific antitumor immune response 



elicited by the intraneoplastic inoculation of G207. The data in- 
dicate that the induced immune response caused a reduction in 
the growth of an established remote subcutaneous tumor and 
provided long-term protection against subcutaneous rechallenge 
with N18 cells but not with Sal/N cells. Furthermore, the anti- 
tumor immunity was shown to be associated with the specific 
CTL activity against N18 tumor cells. Moreover, the elevated 
CTL activity proved to persist at the initial level for at least 13 
months after subcutaneous tumor therapy with G207. The 
mechanism underlying how the replication-competent virus in- 
jected in situ induces a specific antitumor immune response is 
unclear, but the fact that virally modified tumor cells are capa- 
ble of inducing antitumor immunity has been documented 
(Sinkovics and Horvath, 1993). This so-called postoncolytic an- 
titumor immunity has been shown mostly by trials of immu- 
nization of the host with lysates of virally infected tumor (Lin- 
denmann and Klein, 1967; Boone and Blackman, 1972; Wallack 
et al, 1977; Heicappell et al, 1986; Savage et al, 1986). On 
the basis of the observation that tumor cell homogenates pre- 
pared from virus-infected tumors were highly immunogenic, 
whereas similar homogenates prepared by mechanical disrup- 
tion and lyophilization were not immunogenic, the importance 
of viral replication for the adjuvanticity has been suggested 
(Lindenmann and Klein, 1967; Lindenmann, 1974). An HSV 
infection has been shown to induce production of cytokines, 
such as interleukin 6, from infected cells in vitro (Kanangat et 
al, 1996). It has been demonstrated that cross-priming of MHC 
class I-restricted CD8 + cells by dendritic cells occurs in the 
presence of antigen-specific helper T cells or viral infection 
(Huang et al, 1994; Albert et al, 1998). 

We demonstrated that a single inoculation of G207 into an 
established N18 brain tumor results in significant prolongation 
of survival in syngeneic A/J mice, and that the specific antitu- 
mor immunity associated with subcutaneous tumor therapy with 
G207 provides a strong and persistent protection against tumor 
rechallenge in the brain. Furthermore, we demonstrated that es- 
tablished brain tumors may be inhibited in growth or even cured 
potentially via induction of the specific antitumor immunity 
elicited by G207 treatment of a remote subcutaneous tumor. Al- 
though the brain has been considered as relatively immune priv- 
ileged, these results indicate that a strong antitumor immune re- 
sponse can occur. Regression of an established brain tumor via 
an in situ subcutaneous tumor vaccination has never been doc- 
umented, but accumulating evidence suggests that activated T 
cells can pass through the intact blood-brain barrier to enter 
and function in the CNS (Hickey, 1991; Trojan et al, 1993; 
Thompson et al, 1997). It has also been documented, using 
mouse models, that precursors of CTLs, generated in the pe- 
riphery, can traffic to tumor sites in the brain (Gordon et al, 
1997). Furthermore, it has been shown that actively infecting 
C1300 cells, the parent clone of N18, with measles virus elic- 
its a host CTL response that lyses both infected and uninfected 
C1300 cells in an H-2-restricted fashion (Gopas et al, 1992). 
These support the view that the antitumor CTL activity induced 
by the subcutaneous tumor therapy may have directly accounted 
for the remote brain tumor regression. 

The present studies have several implications regarding clin- 
ical applications of G207. Immune responses after intraneo- 
plastic inoculations of G207 were shown to contribute favor- 
ably to the antitumor effect through an elicitation of specific 
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antitumor immunity. The direct cytopathic effect of the repli- 
cating virus may be greatly augmented by the elicited antitu- 
mor immune response. Hence, an insufficient or uneven distri- 
bution of the virus could still lead to a cure of the tumor as 
observed in our mouse model. By using N18 or CT26 (murine 
colon cancer) tumor-bearing mice that were repeatedly exposed 
to HSV-1 and obtained persistent seropositivity, we have found 
that the presence of circulating antibodies against HSV-1 does 
not affect the antitumor efficacy of G207 when inoculated in- 
traneoplastically (Chahlavi et al., 1999). We have further found 
that corticosteroid administration does not affect in vivo G207 
replication in N18 tumors, despite the significant suppression 
of serum levels of anti-G207 antibodies (Todo et al, 1999). 
These suggest that seropositivity for HSV-1, observed in 
60-90% of the adult human population (Whitley, 1996), is un- 
likely to limit the oncolytic activity of G207. Primary malig- 
nant brain tumors are rarely seen to metastasize outside the 
CNS, but metastatic brain tumors originating from a non-CNS 
organ are frequently encountered. Metastatic brain tumors are 
often refractory to systemic chemotherapy and are not always 
resectable owing to the location or multiplicity. The present 
studies introduce an immunotherapeutic approach in which 
treatment of the primary tumor in the periphery with G207 may 
lead to regression of metastatic brain tumors via induction of 
systemic antitumor immunity. The murine tumor model we used 
has many characteristics similar to human neuroblastoma 
(Ziegler et al, 1997), a disease found mostly in children under 
10 years old. Neuroblastoma occurs frequently in the abdomen, 
but occasionally in the CNS either as a primary or metastatic 
tumor, and has the highest rate of spontaneous regression of all 
human malignant neoplasms (Castleberry, 1997). Yet, neuro- 
blastoma exhibits one of the poorest outcomes when occurring 
as disseminated disease, despite advances in postoperative treat- 
ment such as dose-intensive chemotherapy (Castleberry, 1997). 
Considering the potent antitumor action of G207 observed in 
our tumor model, neuroblastoma should also be an excellent 
target of viral oncolytic therapy. 

It is noteworthy that none of the mice with brain tumors that 
were inoculated with G207 showed any morbidity or mortality 
from the virus itself, despite the high sensitivity of A/J mice to 
HSV. However, it must also be considered that, although N18 
cells are derived from CI 300 cell that arose spontaneously from 
A/J mice, their passage in culture and/or relatively high MHC 
class I expression among subclones of CI 300 (T. Todo, un- 
published data) may have been associated with increased im- 
munogenicity. Nevertheless, N18 and its parent line, C1300, 
have growth and behavioral characteristics similar to human 
neuroblastoma: the similarities include the potential for differ- 
entiation, the potential to induce a host antitumor immune re- 
sponse, and a relatively high incidence of spontaneous regres- 
sion (Buck etal., 1977; Ziegler et al., 1986, 1997; Castleberry, 
1997). Despite the moderate immunogenicity of N18 tumors, 
the results show that the induction of a tumor rejection by the 
oncolytic activity of G207 leads to increased capability of the 
treated animals to reject remotely established or rechallenged 
tumors. This effect is not specific to the N18 tumor model, but 
has also been observed in syngeneic murine tumor models with 
CT26 colon cancer and Cloudman S91 clone M3 melanoma 
(Toda et al, 1999). Still, it will be important to acquire simi- 
lar data in transgenic animals or in humans. In this regard, G207 



is now in clinical trial for patients with recurrent malignant 
glioma (Recombinant DNA Advisory Committee, 1998), and 
the immune effects of G207 tumor therapy are yet to be stud- 
ied in patients receiving the therapy. Moreover, G207 and re- 
lated vectors should be considered for treatment of systemic tu- 
mors, including those metastatic to the brain. 
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